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Abstract:Theresidualeffectsof thermalagingof Kevlar49fibersin thetemperatureange150--450°C
havebeenanalyzed.Thermalagingintroducescrystallographicas wellasmacro-structuralchanges.
Weightlossesanddeteriorationintensilepropertieswerealsoobserved.Theorderin whichthedeteriora-
tionincrystallinity,weightandtensilestrengthoccurhasbeenidentified.Mastercurvesforpredictingthe
timeneededfor 50%deteriorationatvarioustemperaturesandthecorrespondingactivationenergyhave
beenestimated.Theroleoftheparameter.tcum(T),thecumulativeexposuretoanytemperatureT,onther-
mallyinducedeffectshasbeenunambiguouslyestablished.Inparticular,theinfluenceoftheT- tClIm(T)
effectoncrystallographicparametershasbeenobservedforthefirsttime.
Key Words:Kevlar49, structuralchanges,thennalaging,decomposition,T-tcum(T)effect
1. INTRODUCTION
Kevlarfibersarereportedtodecomposeata Tdofapproximately500/550cC[1,2]. In
anearliercommunication[3],detailsofthestructuralchangeswhichaccompanydecom-
positionat500and550cCwerepresented.It wasshownthatatboththesetemperatures,
cumulativethermalexposuresof specificdurations,tcum(T),wererequiredtocausede-
composition.Decompositionwasaccompaniedbyprominentstructuralchangessuchas
progressiver ductionandaneventualtotalossincrystaIJinity,progressivelossinweight,
introductionf surfacedamage,hollownessanddeteriorationintensileproperties.Using
thesefeaturesassignaturesof isothermaldecomposition,theeffectof thermalagingof
Kevlar49fibersatT values< Tdhavebeenanalyzedandthedetailsof thisanalysisare
presentedinthispaper.
It mustbementionedthathebehaviorof Twaronfibersagedat300,400,450,and
500cChasbeenearliereportedfromourlaboratory[4]. Thetensilepropertiesof the
TwaronfibersusedintheprevioustudywereclosetothoseofKevlar29fibers.As such,
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theinvestigationTwaronfiberwas,inprinciple,comparabletothestudyofKevlar29
fibers.Thepresentinvestigation,ontheotherhand,wasonKevlar49fibers,whichhave
betterinitialtensileproperties.
2. EXPERIMENTALDETAILS
ThesamplesusedwereKevlar49fibersmadecommerciallyavailablebyDuPontInc.
USA.Thetemperatures(T) chosenforthermalagingwere150,250,300,350,400and
450"C.Ofthese,150,250,and300cCarewithintherecommendeds rvicerangeof tem-
peratures.Fortemperaturesotherthan150°C,atubularresistancefurnaceinwhichaPID
controllercouldcontrolandmaintainthetemperaturetoanaccuracy.of:f:Iac,wasused.
Forheatingat150°C,anair-circulatingovenin whichthecontrolandstabilityof tem-
peraturewas:f:2acwasused.Bothpriortoandatvarioustagesof heattreatment,the
fiberswerecharacterizedbyX-raydiffractionmethods,tensiletesting,weightanalysis,
opticalandscanningelectronmicroscopy.Detailsofheatingandthevariousprocedures
usedforcharacterizationhavebeendescribedearlier[3-5].Foreachof thecharacteri-
zationprocedures,aseparatebundleoffiberswasheatreated.Inadditiontothesurface
characteristics,thecross-sectionalfeaturesofsomeoftheheat-treatedfibersthatfractured
in tensionwerealsoexaminedusingascanningelectronmicroscope.Forfibersexposed
to 150and250°C,thefracturewaseffectedin anaqueousmediumwhereasforhigher
temperatures,thefibershadturnedsobrittlethatransfertothewatermediumledtoan
instantbreaking.Forthesespecimens,thetensilefracturewasthereforecarriedoutin air.
3. RESULTSANDDISCUSSION
Interestingly,thechangesintroducedbyisothermalgingatT values< Tdcloselyresem-
blethoseaccompanyingexposurestoT =500and550"C[5].
3.1.X-rayanalysis
3.1.1.Crystallinity
FigureI presentsheequatorialdiffractionprofilesrecordedfromfibersisothermal!yaged
in thetemperaturerange]50-450"C.Withtheexceptionof ]50"C,thegenera!effectof
isothermalgingis toreducetheinitialcrystallinity.ForT values2:250"C,valuesof
residua!crystallinity,K (=AiAo,)estimatedfromtheintegratedintensitiesofprufiiesin
figure1,arerecordedinfigure2.HereAoandA refertotheintegratedintensitiesof the
diffractionpatternsrecordedfromfibers,priortoandafterheatreatment,respectively.
It maybenoticedthat300h ofdiscontinuousyetcumulativethermalexposureto300cC
reducestheinitialcrystallinityby80%.TheeffectoftheparametersT andtcum(T)can also 1
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Figure1. Diffractionprofilesfromfibersisothermallyagedat (a)150(b)250 (c)350(d)400and(e)
450'C.ValuesofK havealsobeenshown.
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Figure 2. Residualcrystallinityof fibersagedat T valuesof25D-450°C.
beappreciatedfromfigure2. An increasein the T aswen as thetcum(T)valuesenhances
the reductionin crystallinity. Basedon the above-mentionedX-ray data,thedurationof
cumulativeexposureto.5,neededtointroduce50% reductionin theinitial crystaJlinity,has
beenestimated(figure3). For thesakeof completion,datacorrespondingto 500,550 and
600°C [5]have also beenincluded in figure 3. It mustbe pointedout that thecurve in
figure 3canbe usedto predict theresidua]crystallinityat any intermediatetemperature
also.
TheactivationenergyE for 50%reductionin crystallinitywasalso obtainedas ]05.8
kJ mo]-I from theArrheniusequation
r = Aexp(-EjRT)
wherer is thereactionrateconstantderivedfrom the'05 values,A is the pre-exponential
factor andR is the gasconstant. The mastercurvefor predictingthe changesin crys-
ta]]inityover an extendedtime scalehas also beengeneratedby choosing 250cCas the
standardtemperature(figure4). Theprocedurefollowedfor generatingthe mastercurve
is basedon a constantenergymodel [6] accordingto which theactivationenergyis in-
dependentof temperature.The superpositionshownin figure 4, although no!;dc~!,is
satisfactory.The reasonfor the slightfanning observedat the highend, namelyfor crys-
ta]]inityvaluesdownto0.7, is notclearatpresent.
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Figure3.Time requiredfor50% reductionincrystallinity.
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Figure5.Variationof residualcrystallinitywithtcum(T)at 150°C.
Interestingly,thebehaviorfcrystallinityat]soaeisverydifferent.As shownin
figure5, thecrystallinityincreasessteadilywithexposuresof upto7000h duration.It
mustbementionedthatHindelehandAbdoalsobservedasimilarincreaseincrystallinity
atISaaC[7].Theirdata,however,donotextendupto7000h. ThepresentX-raydata
thussuggestthat]soac isperhapsanidealtemperatureforannealingandimprovingthe
crystallinityofcommerciallyavailableKevlarfibers.
3.1.2. 28values
As in thecaseof Kevlar49fihersexposedto500and5S0'C[3,5]28valuesof the
equatorialreflectionsmanifesttheresidualeffectsofexposuretoT valuesin therange
150-4S0cC.Figure6 depictstheobservedvariationsinthe28values.Theaveragevalue,
4.3,for the1L1I/uof the28values,establishesthestatisticalsignificanceof theobser-
vations.Here,~ anda refertotheobservedshiftaccompanyingthermalging andthe
correspondingstandarddeviationrespectively.It is foundihatboth28(200)and28(l10)
valuesshifttowardslowerangles.The shiftsin 28(200)are,however,muchmorethan
in280 10).Suchanenhancedreductioninthe28(200)valuesmaybeattributedtothe
presenceof vander Waal'sinterac60nsalongthecrystaJlographica-directIOn,whichis
alsothe directionalongwhichthehydrogen-bondedlayersarestacked[8].Theobserved
shiftsuggestthathermalgingweakenstheinter-layerinteractionsi thecrystalstruc-
ture.Thestrikingfeature,however,is theinitialnon-lineardependenceof theshiftstn
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Figure6.(a)Variationin20(200)values.(b)Variationin20(110)values.
time.Themajorpartsoftheshiftsoccurintheeadystagesofthermalexposures.Figure6
alsodepictstheeffectof T.As mightbeexpected,athighertemperaturestheshiftsare
enhanced.
Theobservedchangesinthe28valuesalsoexemplifytheangularseparation~(28)
definedas~ (28)=28(200)- 28(110).As theshiftinthe28(200)valuesaremore
dominant,hecurvesin figure7 resemblethetrendmanifestedbythe(200)reflection
(figure6).Basedonthedirectcorrelationbetweenthetensilestrengthandthe28values
[9]andthedatainfigure7,itmaybeanticipatedthathetensilestrengthdropsmoreinthe
earlystagesofaging.Furtherquantitativeevidenceforsuchadropinthetensilestrength
will bepresentedsubsequentlyinthispaper.
3.1.3. Half width,OJ
Fractionalvariationsin thehalfwidthsoftheequatorialreflectionsareshownin figure
8.Here,(1)0representsthehalfwidthvalueofreflectionsrecordedfromsamples,priorto
heatreatment.Theobservedchangesaresignificant,withanaverageI~I/(Jvalueof3.5.
Theequatorialreflections.fromfibersagedatT values<Tdtendtosharpeni theearly
stagesof agingandwithfurthercontinuanceofexposure,theyhegintobroaden.It was
alsoobservedthatlhereflection(110)sharpensmorethan(200)foralltheT valuis<Td.
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Figure7, ~(2e)valuesindicatingtheclosingup.of basalplanereflectionsfromfibersagedat (a)
250-450and(b)150°C.
Thedurationofthecumulativeexposuretimeoverwhichthereflectionsremainsharpened
is,however,dependentontheT value.Forcomparativelyhighvaluesof T, thesharpened
stateisrathershortlived.Figure8(a)showsthatatl50"C,evenafter7000hofcumulative
exposure,thereflectionshaveriotstartedbroadeningwhereasincontrast,at250cC,after
1800h ofexposure,broadeninghascommenced.Thesefeaturesclearlyshowthatat
150'Tthefragmentationf crystallitesand/orthebuild-upof micro-strain,whichare
characteristicsofbroadening,donotgetinitiatedevenupto7000hofexposure.
3.1.4.Azimuthalspread,fJ
Thealignmentof polymerchainsisaffectedbycumulativeexposuresto T values< Td.
Figure9 providesacomparisonof theazimuthalspreadsof theequatorialreflections
recordedfromsamplesexposedto150,250,300and40(YCfor7000,1800,120and15h,
respectively.Themisalignmenta 150cCis slightlylessconspicuous.Theincreasein
theazimuthalspreadsuggestshathetensilemoduliiof thecorrespondingfibershave,
perhaps,deteriorated.
3.1.5. Relativeintensities
As inthecaseof500and550"C[3,5],therelativeintensitiesoftheequatorialreflections
getaffectedatallT valuesotherthan150cC.As canheseenfromfigure1,pdortothermal
exposure,1(200)is >1(110).\\lithcontinuingthermalt'xpnsures,thepeakintensitiestend
tobecomequal.Theintensitychangesmaybeassociatedwithminorstructuralchanges
thedetailsofwhichare,however,notpresentlyavailable.X-raydatathusindicatehatno
significants ructuralchargesareintroducedat150=Cevenafter7000h of efposure.
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X-rayobservationspresentedthusfarindicatethatheoverallnatureof changesin
thecrystalstructuralcharacteristicsintroducedatT values< Tdareverysimilartothose
introducedatT values"V Td[3,5]. DatacorrespondingtobothT values'"TdandTval-
ues< Td,provideunambiguousevidencethatthecrystalstructuralcharacteristicsare
influencedbytwoparametersnamelyTandtcum(T).Figure10is aschematicrepresenta-
tionof amodeldepictingthechangesinthecrystalstructuralcharacteristicsntroduced
duringthermal(lging.
3.2. Microscopy
Opticalandscapningelectronmicroscopicstudies howjthatisothermalgingatT val-
ues< Tdleads.0 significantchangesinthesurfacecharacteristics,thedetailsofwhich
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accompanyisothermalaging.
arepresentedin thissection.Someaspectsofthecross-sectionf fracturedfibershave
alsobeenincluded.
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(~) (b)
Figure11.longitudinal openingson thesurfaceof Kevlarfibersaged at 150°C.Openings (a)parallel
and (b)inclinedto thefiberaxis.
3.2.1. Surface characteristics
Themoststrikingfeaturesobservedonthesurfaceof isothermallyagedfiberswereas
follows:
(i) introductionoflongitudinalopenings,groove-likef aturesandpeel-offs;
(ii) formationofholes;
(iii) introductionofmaterialdeposits;and
(iv) localizedlossofmaterial.
As inthecaseof crystalstructuralcharacteristicsderivedfromX-raydata,theabove-
mentionedmacrofeaturesarealsofoundtobeinfluencedbytwoparameters,namely,T
andtcum(T).herefollowsadescriptionof thesurfacef aturesdescribedintheorderof
increasingtemperature.
J50°C.For Kevlar49fibers,150"Cis wellwithintherecommendedservicerangeof
temperatures[10].Unlikein thecaseofX-raydata,thesurfacecharacteristicsof fibers
exposedto150"Cfor7000h manifestrikingaswellasunwelcomechanges.Theoptical
micrographsinfigureI I illustratethetypicalsurfaceopeningsobservedinfibersexposed
to150cCfor7000h.Itmaybenoticedthatheorientationsofthelongitudinalopenings
withrespectto thefiberaxisarequitevaried.Figure11(a)depictsanopeningnearly
paralleltothefiberaxiswhereasinFigure11(b),anearlyhelicaldistributionfopenings
is seen.Theintroductionf suchopeningscanindeedaffecthetensilepropertiesof the
fiberandcanalsofacilitateunwantedretentionofextraneousmaterialonthesurface.
Thesc,mningelectronmicrographinfigure12showsexcoriationf thesurfaceof the
fiber.Whenthepeel-offis longenough,idtendstowindaroundthefiber.Sucheffects
canbeexpectedtoaffecttheadhrionbet~enthefiberandthematrixinacomposite.
,
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Figure12. Excoriationf thefibersurfaceat 150°C.
Figure13.Split1ingopenofthesurfaceoffibersagedat250cC.
250°C.ForKevlar,250cCisalsowithintherecommendedservicerangeoftempera-
tures.Asinthecaseoffibersexposedtol50ac,longitudinalopeningsarefoundonthe
surface(figure13).Anadditionaleffectwhichhasbeenobservedconcernstheintroduc-
tionofminuteholes(figure14).Theholes,althoughsparse,areuniformlydistributedon
thesurface.Thediameterof theholes.angesfrom0.05to0.3,urn.In somepartsof the
surface,verjclosetotheholes,minutequantit1csfcxtnmeonsmaterialhasalsobeen
found.It islikelythatheholesareassociatedwiththeevolutionofmaterialfromwithin
thefiber.Noin-situchemicalnalysiscouldbecarriedouttoidentifythematerialonthe
surface.Itmust,however,bementionedthatKalashniketa1.'smassp~ctrometricanaly-.
508 R. V.IYERET AL.
Figure14.Formationof holesonthesurface offibersaged at 250°C.Arrowshowsa typical hole.
sishasenabledchemical identificationof materialswhich evolvedat a highertemperature,
namelyat 510°C[11].
The occurrenceof surfaceholes and extraneousmaterialatT values aslow as 250°C
(in comparisonwith 500 and550°C,asusedin the earlier study[3, 5]) stronglysuggests
thatat this temperature,theprimefactor responsiblefor theintroductionof theseeffects
is the durationof cumulativeexposure,whichin this casewas1800 h. It appearsthere-
fore that prolongedexposuresto lower temperaturesintroduceeffects similarto thoseof
comparativelyshortexposurestohigher temperatures.As themicrographswererecorded
only at selectedstagesof thermalaging, theintroduction of holes cannotbepinpointed
precisely on thetimescale.
300°C. Surfacecharacteristicsof fibersexposedto 300°Cfor 120 and300h, respec-
tively,have beenexamined. As in the caseof exposure to250°C,a longitudinalgroove-
like feature wasfound on thesurfaceof fibersexposed to 300°C for 120h (figure 15).
Figure16showsthesurfaceholesintroducedat300°C. Yetanothertypeof surfacedam-
ageresulting fromisothermalagingat 300°Cis shown in figure17. A crater-likefeatUre
indicating lossof materialcanbeseen. Interestingly,thecrateris found beneatha surface
impurity. As hasbeen reportedby l'/Iorganand Pruneda [12]and Vijayan [13], COill-
merciaJIy receivedKevlar fibersinclude detectableamountsof surface impurities. The
enhanced egradationf KeV!Rrfibers at sitesclose to theimpuritiessuggeststhat pres-
enceof impuritiesin the as-receivedfibers can!eadto enhancedlocalized deteriorationof
thesurface, atthosespecific sites.
The micrographin figure 18depKts a localized reductionin fiber thickness. Here,
the fiber has lostmost of them4terialwhichconstitutesitsthickness.This featurecould
I
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Figure15. Longitudinalgroove(indicatedby thearrow)onthesurfaceof fiberheatedto300°Cfor
120h.
Figure16. Formationof numerousholes on thesurfaceof fibersheatedto 300°Cfor 300h.
beconsideredasa more severeversionof thelossof materialshownin figure 17. !ntro-
ductionof such localized damagedistributedrandomlyalong the lengthof the fiber can
resultin a reductionin the averagediameterof thefilamentwhich indeedhasbeenexperi-
menta!!ycc'nfirmed.Valuesofthefiberdiameteraveragedalongthelenglhshowsthatthe
initialvalueof 12.2(38),urnhasdecreasedbyapproxirnarly10%,i.e,to 10.97(48),urn.
510 R. V. IYER ET AL.
Figure17.Degradationof surfaceatsitecloseto an impurityina fiberagedat 300°C.
Figure18. Localisedreductioninfiberdiameterina fiberagedat300°C.
400"C.ThemGstconspicuoussurfacecharacteristicoffibersagedat400°Cfor!5his
theintroductionof largequantitiesof extraneousmaterial.Tnemicrographsin figures19
and20showthathesurfaceof fihersexposedto400°Cfor15hhasgotnearlycompletely
coveredwithextraneOilSrDuteriaLIt m~j'notbepresumptuousto assumethattheextra
materialhasemerge~fromwithinthefiberduringheattreatment.Theholesin fignre]9
supporthecOi1ceptof evolutionof materia!from,,','jlhin!h~fiber,vit theholes.
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Figure 19.Introductionof largeholes on thesurfaceof fibersagedat 400°C for15 h.
Figure20. Presenceof extraneousmatternear thesurfaceholes infibersaged at400°Cfor 15 h.
Baserlon theabove-mentionec1det~ilson surfacecharacteristicsof fibersagedat ISO,
250,300 and 400cC it may be inferred thatthepeel-offs andthe longitudinal grooves
appearin the initial stagesof aging.Fom1ationof holes andextraneousmaterialon the
surfaceIO!10Wsubsequently.AI!the{lbove-mentionedsurfacecharaCTeristicssuggestthat
theinitial tensilepropertiesdeterioratewith isothermalaging.
1
5]2 R.V.IYER ETAL.
(a) (b)
(c)
Figure21.Brittlefractureoffibersagedat(a)150(b)250and(c)400c,C.
3.2.2.Cross-sectionalfeatures
In thecaseof fibersagedat T '" h it was foundthatin additiontotheintroductionf
surfacedamages,therewasalsomateriallossnearthecoreofthefiber[3,5].Tofind
outwhethersimilarfeaturesareintroducedbyagingatT values<Td,thecross-section
of fibersfracturedinitnsionhavebeenexamined.Figures21(a)-(c)representthemi-
crographsfromfibersisothermallyagedat ]50,250and400~Cfor7000,]800and15h,
respective1y,andfracturedin tension.A!I thethreefracturesareofthebrittktype.Brittle
fracturemanifestedbyfibersagedatT valuesdosetoTd,is notsurprising.Interestingly,
thepresents udyprovidesevidenceofbrittlefractureby fibersagedattempfaturesas
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Figure22.Weight loss manifestedby fibersagedat300 and400°C.
lowasl50°Calso.Thisfeaturestronglypointstotheroleof theparametertcum(T).Ex-
aminationofthemicrographsin figure21furthersuggestshathefibersagedat250and
400°Calsotendtogethol1ow.ThedegreeofhoBownessis,however,muchlessthanwhat
wasobservedatT rv Td[3,5].Thus,materiallossnearthecoreofthefiberalsoseemsto
beafeaturecommontoisothermalagingatbothT rv TdandT values<Td.
3.3. Weightloss
Fibersexposedto T values< Tdmanifestweightloss.Figure22depictstheweightloss
manifestedby fibersagedat300and400°C,respectively.AB theobservedchangesin
weightaresignificant,withtheaverage1.6.1/(Jvaluebeing30.9. It wasfoundthatafter
1000hat300°C,theweightlossisrv 70%.Fibersexposedto250°Cfor1800hshowa
weightlossofonly6%(notshowninfigure22).Inasimilarfashion,evenafter7000h
ofexposureto150°C,thefibersdonotshowanyweightloss.ThisfeatureconformsweB
withtheearliermentionedobservationthathesurfaceoffibersexposedto150acdonot
developholesevenafter7000h ofexposure.
3.4. Tensileproperties
In theprecedingsections,lit wasshownthatagingatT values<Tdcausedchangesin
thecrystalasweBasmaao-structuralcharacteristics.Thesechangesindeedsuggestal-
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Table1.Tensilecharacteristicsofsomeoftheheat-treatedfibers.
Heatreatmentconditions Tensilestrength Tensilemodulus
[T("C),tcum(T)(h)] (GPa) (GPa)
Asreceived 3.25(16) 107(6)
150,7000 1.59(64) 96(8)
250,50 l.92(58) 109(8)
250,]800 0.35(I]) *
300,5 2.]9(60) 108(12)
300,10 1.69(30) 115(7)
300,20 1.23(35) *
300,30 0.23(06) *
400,1 1.62(36) 109(7)
"Toobrittleto bedetermined.
terationsfromtheinitial,exceptionaltensilepropertiesofthefiber.Reductioni X-ray
crystallinity,broadeningofreflectionsandincreaseintheazimuthalspreadsuggestdeteri-
orationi theinitialtensilemodulus.Closingupoftheequatorialreflections,weightloss,
introductionofhollownessandsurfacedamagessuggestreductionintheinitialtensile
strength.Thevaluesof tensilestrengthandmodulusestimatedfor someof theheat-
treatedfibersarelistedintableI. Thetrendmanifestedbythetensilepropertiesconforms
wellwiththestructuralchanges.
3.5.Fiftypercentreductionsandtheorderofoccurrenceofevents
Basedonthedatapresentedthusfar,thedurationof exposure,10.5,neededfor 50%re-
ductionincrystallinity,weightandtensilestrength,respectively,havebeenestimatedfor
varioustemperatures(figure23).Therelativedispositionofthecurvesuggeststheor-
derinwhichthethermallyinducedeffectsoccur.It is foundthatthetensilestrengthis
themostsensitiveparameter,followedbycrystal1inityandthentheweight.Comparison
oftheactivationenergiesfor50%reductionsincrystallinityandtensilestrength,namely
105.8kJ mol-I(thispaper),and54kJ mol-I[14],respectively,alsosupporttheabove-
mentionedsequenceofevents.Thecurvesinfigure23canalsobeusedforpredictingthe
10.5valuesforanyintermediatetemperature.
3.6. The T -tcum(T)effect
ComparisonftheresultsonfibersexposedtoTvalues'" Td[3,5]andTvalues<To(this
paper)showsthatherearemanysimilarities.Inbothcases,theiensileproperties,andpar-
ticulariythetensilestrengthdecreases,crystallinityreduces,\veightlossesareintroduced,
surfacedamageis incurred,crystailographicparameterschangeandthefiberseventuaIly
sufferdecomposition(whichistreatedsynonymouswithtotalJossincrystallinity),atthe
!
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Figure23. Comparisonoftimerequiredfor50% reductioni tensilestrength,crystallinityandweight.
They-axis is on logscale.
Table2. T andtcum(T) valuescorrespondingtozerocrystallinity.
T (°C)
550
500
450
400
350
300
250
]50
tcum(T)(h)
0.67
1.0
3.5
16
74
432
> 1800
» 7000
endofprolongedexposuretoanychosentemperature.Themostconspicuousfeatureis
thatchangeswhichoccuratahighertemperatureT2occuratalowertemperatureTJ also
whentheexposuretothelowertemperatureTI islongenough.Typicalexamplescan
benotedfromfigure23.A 50%reductioni crystallinity,whichoccursafter190h of
exposureto300°C,recursat250°Calsowhenthexpo$uretimeisextendedto1460h.
Similarly,a50%reductioni tensilestrengthoccursatvarioustemperatures,however,for
differentvaluesofthecumulativeexposuretime,tcum(T).able2liststhetcum(T)values
obtainedatv!rioustemperaturesforreachingthestateof zeroX-raycrystalliniwAs can
beseen,at550°C,40minutesofexposureis requiredto reach~hezeroctslalliniiYstate
!,
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whereasatlowertemperatures,thedurationof exposureis muchmorethanat550"C.
Thus,thedataonisothermallyagedKev1ar49fibersprovideampieevidencethatthe
parametersT andtcum(T)alwaysactinunison.
Tosumup,allthethermallyinducedeffectschoseninthepresentstudy,arecontrolled
bytwoparameters,namelyT andtcum(T).Changeswhichoccuratahighertemperature
T2recuratalowertemperatureTI alsowhentheexposuretothelatteris longenough.
ThisfeatureisreferredtoastheT-tcum(T)effect.
It mustbeadmittedthattheroleof theparametertcum(T)controllingthethermaJJy
inducedeffectsisnotverysurprising.Thekineticsofanychemica]reactionisindeedcon-
trolledbythetimefactor.Theinterestingobservationthathasemergedfromthepresent
studyisthatinadditiontochemica]effects(suchasthereactionsresponsib1efortheevo'"
lutionanddepositofmaterials)thestructuralfeaturesalsomanifestadependenceonthe
timefactor,tcum(T).In particular,thecrystallographicparametersshowinganunambigu-
ousdependenceonbothT andtcum(T)is ahithertounknownfeature.
4. CONCLUSIONS
Theresidualeffectsof thermalagingatT values< Tdaretheintroductionofcrysta]-
lographicandmacro-structuralchanges,weightlossesandchangesintensileproperties.
Reductioni tensilestrengthisshowntoprecedechangesincrystallinityandweight.All
thethermallyinducedeffectsarecontrolledbytwoparameters,namely,T andtcum(T).
ThechangeswhichgetintroducedatT values'"TdareshowntorecuratT valuesfar
belowTd.Theactivationenergyassociatedwith50%reductioni initialcrystallinityis
105.8kJ mol-I.
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